Congenital vertebral malformations caused by embryonic segmentation defects are relatively common in humans and domestic animals. Although reverse genetics approaches in mice have provided information on the molecular mechanisms of embryonic somite segmentation, hypothesis-driven approaches cannot adequately reflect human dysmorphology within the population. In a N-ethyl-N-nitrosourea (ENU) mutagenesis project in Kyoto, the Oune mutant rat strain was isolated due to a short and kinked caudal vertebra phenotype. Skeletal staining of heterozygous rats showed partial loss of the cervical vertebrae as well as hemivertebrae and fused vertebral blocks in lumbar and sacral vertebrae. In homozygous embryos, severe displacement of the whole vertebrae was observed. The Oune locus was genetically mapped to rat chromosome 1 using 202 backcross animals and 50 genome-wide microsatellite markers. Subsequently, a miss-sense mutation in the Tbx6 gene was identified in the critical region. Although the mutation is located within the Tbox domain near a predicted dimmer-interface, in vitro experiments revealed that the Tbx6 variant retains normal DNA binding ability and translational efficiency. However, the variant has decreased transcriptional activation potential in response to Notch-mediated signaling. Recently, it was reported that a dominant type of familial spondylocostal dysostosis is caused by a stoploss mutation in TBX6. Thus, we propose that partial dysfunction of Tbx6 leads to similar congenital vertebral malformations in both humans and rats. The Oune strain could be a unique animal model for dominant spondylocostal dysostosis and is useful for molecular dissection of the pathology of congenital vertebral malformations in humans.
Introduction
The vertebral column provides structural strength and flexibility to the body. It is derived from somites, the bilateral segmented structures in the embryo [1] . With axial elongation of the developing embryo, the unsegmented paraxial mesoderm called, presomitic mesoderm (PSM), plays a key role for somitogenesis [2] . The most anterior part of PSM is segmented one-by-one as newly formed somites. Thus, defects in somitogenesis cause severe congenital vertebral malformations [3] . In the mouse, many spontaneous mutant lines with vertebral malformations have been collected and intensively analyzed [4] . By forward genetics approaches, many of causative genes for the skeletal phenotypes have been identified. In addition, knockout mouse lines with defects in somitogenesis have been generated by genetic engineering. This increased knowledge of the molecular mechanisms of vertebral segmentation contributes to the positional candidate cloning of causative genes for familial vertebral malformations in humans [5] .
Spondylocostal dysostosis is characterized by multiple vertebral segmentation defects; patients exhibit short trunk dwarfism with nonprogressive mild scoliosis [6] . The skeletal anomalies include rib fusion and/or deletion called crab-like thorax as judged by radiographic diagnosis. By familial analyses, both dominant and recessive types of spondylocostal dysostosis have been identified. Autozygosity mapping of consanguineous families [7] in combination with candidate sequencing revealed four recessive mutations in the Notch signaling pathway (DLL3, MESP2, LFNG, HES7) [5] . In contrast, dominant types of spondylocostal dysostosis are relatively rare [8] . But recently the first dominant mutation of spondylocostal dysostosis was reported [9] . In this family, the stop codon of the TBX6 gene was mutated. Accordingly, the variant TBX6 with additional 81amino acids to the carboxyl terminus resulted in the attenuation of transcriptional activation in vitro.
The T-box family members have a common DNA binding domain [10] . The first Tbox gene was discovered by positional cloning of the Brachyury (or T, for short-tail) mutations in mice [11] . Thereafter, genes having homology to the Brachyury DNA binding domain were identified and defined as T-box genes [12] . T-box genes are important developmental regulators of a wide range of tissues and organs, as well as major contributors to several human syndromes [10] . Spontaneous and induced mutations of Tbx6 in mice have been well characterized [13] [14] [15] [16] . Although those mutations cause developmental and morphological abnormalities in homozygotes, almost no skeletal phenotypes were detected in heterozygotes [9] . This differs from human patients where vertebral segmentation defects are observed in heterozygotes. Here, we present a novel N-ethyl-N-nitrosourea (ENU)-induced semidominant mutation, Oune (for tail curvature in Japanese), in rats. Oune/+ rats show malformations in the entire vertebral column, and positional candidate cloning identified a missense mutation in the Tbx6 gene. Thus Oune could be a novel animal model for dominant spondylocostal dysostosis.
Materials and Methods

Rats
The first Oune rat was identified in a gene-driven ENU mutagenesis project in Kyoto University (details are descried in Mashimo et al.) [17] . Briefly, we administrated two intraperitoneal injections of 40 mg/kg ENU at a weekly interval to 9-and 10-week-old F344/NSlc (F344) males (Japan SLC). ENU-treated males were mated with F344 females to generate G1 offspring. The Oune rat was backcrossed more than ten generations on the F344/NSlc inbred background to eliminate mutations potentially induced by ENU mutagenesis elsewhere in the genome (mean mutation frequency was approximately 1 in 4×10 6 bp). The Oune rat has been deposited from the Project (http://www.anim.med.kyoto-u.ac.jp/nbr). Animal care and experimental procedures that were used were approved by the Animal Research Committee, Kyoto University and were carried out according to the Regulation on Animal Experimentation at Kyoto University.
Genetic mapping and candidate sequencing
A total of 202 N2 rats were produced from a (F344-Oune/+ × BN/SsNSlc)F1 × BN/SsNSlc backcross. Genomic DNA was prepared from tail biopsies using an automatic DNA purification system (PI-200; Kurabo, Osaka, Japan). For genetic mapping of the Oune locus to a specific chromosomal region, genomic DNA samples from Oune/+ N2 rats (n = 15) judged by a kinked tail and from +/+ rats (n = 15) judged by a normal tail were pooled and used for genotyping PCR. We performed genome-wide scanning on the pooled DNA samples using a panel of 50 simple sequence length polymorphism (SSLP) markers that cover all the autosomal chromosomes (S1 Table) . All PCRs were performed for 30 cycles (denaturation at 94°C for 30 s, annealing at 60°C for 1 min, and extension at 72°C for 45 s), using Taq DNA polymerase (Takara Bio). PCR products were examined on 4% agarose gels with ethidium bromide staining. For fine mapping within the Oune region, nine SSLP markers on chromosome 1 were added (S2 Table) . The genotypes for the Oune locus in the 202 N2 rats were identified on the basis of tail phenotype at three to four weeks of age. For DNA sequencing of Tbx6, we used primers covering exonic regions (S3 Table) for PCR amplification, and the PCR products were sequenced by standard Sanger sequencing using the PCR primers.
Skeletal analysis and in situ hybridization
Skeletal preparations of newborn rats were generated as described previously [18] . In situ hybridization on histological sections was performed as described previously [19, 20] . The mouse Pax1 [21] , Uncx4.1 [22] , and Dll1 [23] RNA probes were used for in situ hybridization on sections of rat embryos. For whole mount in situ hybridization, rat cDNA were cloned into pCR4-TOPO (Invitrogen) using the following oligonucleotides: 5'-GGTGGGGATATTCGA GATT and 5'-AACAAATTGGCGTGGCTTAC (Tbx6); 5'-TGGATCCTCCTTTCCCAGATG and 5'-GGTGGATTGGCAGACTTGTT (Mesp2); 5'-GGACCTCTGGCGTATTTGAG and 5'-CTCACAGTTGGCCCCTGTAT (Dll1). The insert of the plasmids were sequenced and used for synthesis of RNA probes.
Expression constructs
Rat Tbx6 (rTbx6) sequences (Genbank Accession No NM_001108920.1) including the coding region were PCR cloned using the following oligonucleotides: Ins-Oune-F, 5'-CACCATGTAC CATCCACGAG and Tbx6_ISH-R, 5'-AACAAATTGGCGTGGCTTAC. For mouse Tbx6 (mTbx6, Genbank Accession No NM_011538.2), the following oligonucleotides were used: mTbx6-fullCDS1-L, 5'-ATGTACCATCCACGAGAGTTGTA and mTbx6-fullCDS1-R, 5'-ATCAAGGGAAGATGGCTATGG. The RT-PCR fragments of rTbx6 and mTbx6 were cloned into pcDNA/V5/GW/D-TOPO (Invitrogen) and pBluescript KS+ (Agilent), respectively. The Oune mutation corresponding to mouse Tbx6 was introduced by PCR-based site-directed mutagenesis using PrimeSTAR Mutagenesis Basal Kit (Takara Bio) according to manufacture's protocol using two oligonucleotides: 5'-GTCTACAATCACCCTGACTCTCCT and 5'-AGG GTGATTGTAGACACGGTCGGG. The desired mutation was confirmed by Sanger sequencing.
Western blotting
293T cultured cells were grown in Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum. The cells were plated at 3×10 5 cells per 35-mm dish, and after 24 hours were and transfected with pcDNA3 or pcDNA3/S-tag-mTbx6 using TransIT-LT1 (Mirus) [24] . After 24 hours, cell lysates were prepared using RIPA buffer, and subjected to sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and subsequent immunoblotting. The anti-S-tag antibody was purchased from Novagen, and the anti-USF2 antibody was purchased from Santa Cruz Biotechnology.
In vitro transcription/translation
Proteins were synthesized from corresponding plasmids using TNT T7 Quick Coupled Transcription/Translation System (Promega) in the presence of [ 35 S]-methionine, and analyzed by SDS-PAGE.
Electrophoretic mobility shift assay (EMSA)
Tbx6 proteins were synthesized using an in vitro transcription/translation system (Promega).
The following oligonucleotides were annealed with the complementary oligonucleotides and used as probes: Tbind, 5'-GGCTAGTCACACCTAGGTGTGAAATT-3'; Tbind-half, 5'-ATC GAATTCAGGTGTGAAATGGATCCACT-3'. The oligonucleotide sequence information was from White and Chapman [25] , except adding 2xG at the 5' end for klenow fragment labeling with [α-32 P]-dCTP in Tbind. EMSA was carried out as described previously [24] .
DNA transfection and luciferase assay
C2C12 cells were plated at 5×10 4 cells per 15-mm dish and cultured in DMEM with 10% fetal bovine serum. After 24 hours they were transfected with 200 ng of a firefly luciferase promoter-reporter plasmid, P2Ewt [26] , 2.5 ng of a Renilla luciferase internal control plasmid, pRL-SV40 (Promega), and 50 ng of the rat wild type Tbx6 (rTbx6 wt) or Tbx6 Oune (rTbx6 mut) expression construct described above, in the absence or presence of 2.5 ng of the NICD expression construct [27] , using TransIT-LT1 (Mirus). In experiments with a mixture of Tbx6 expression constructs, the experimental conditions are same except the amount of transfectants; 100 ng of rTbx6 wt, 100 ng of rTbx6 mut, and a mixture of 50 ng of rTbx6 wt and 50 ng of rTbx6 mut were used instead. Luciferase activity was measured 24 hours after transfection using the Dual-Luciferase Reporter Assay System (Promega).
Results
The first Oune rat was distinguished from G1 offspring due to a short and kinked tail ( Fig 1A) . From mating pairs between Oune and wild type F344 animals, offspring showed a mix of normal and congenitally kinked tails ( Fig 1B) . By repeated backcrossing with the F344 wild type strain, Oune was established and maintained as a dominant mutant strain on the F344 genetic background. Skeletal analysis of Oune/+ newborn animals showed complete loss of atlas (C1) and axis (C2), and partial loss of 3rd to 7th cervical vertebrae (C3-C7) ( Fig 1D, upper box) . In thoracic vertebrae (T2-T5), ossification centers were dislocated and spinous processes were fused ( Fig 1D, lower box) . The lumbar vertebrae were distorted (Fig 1F, asterisks) with dislocation of ossification centers and loss of pedicles (Fig 1F, arrowheads) . Further, additional lumbar vertebrae were observed in most of Oune/+ rats (Fig 1F, L7 ). These morphological abnormalities in Oune/+ animals are summarized in Table 1 .
Oune/+ females rarely became pregnant when bred with Oune/+ males. The reason for this is unknown. It is probable that the vertebral anomalies in Oune rats influence sexual activity in this mating combination. Therefore, we obtained only a limited number of offspring from (Oune/+ x Oune/+) mating pairs. No Oune homozygotes were observed among newborn animals, but were found within embryonic day of development (E) 15.5 embryos (Fig 1H and 1I) . At this stage, they exhibited irregular positioning of the thoracic and lumbar vertebral bodies; two split columns were formed in homozygous embryos (Fig 1H and 1I , two zigzag lines). In addition, rib formation was attenuated in homozygotes. In contrast, linear placement of vertebral blocks was observed in wild type (Fig 1G, one line along the anterior-posterior axis).
To identify the Oune mutation, genetic mapping and candidate sequencing were performed. For genetic mapping of the Oune locus, we used the Bs/SsNSlc strain (Japan SLC) for outcross. Overall 202 N2 backcross animals were genotyped using 50 genome-wide Simple Sequence Length Polymorphism (SSLP) markers listed in S1 Table. Pooling of DNA samples was used for the first screening (S1 Fig), and we found that the Oune locus was mapped to chromosome 1. Using an additional nine markers, the critical region was narrowed down to the approximately 6 Mb genomic region between D1Mgh36 and D1Rat219 (Fig 2A) . Within the region, we selected Tbx6 as a candidate, because it is known to play a crucial role in somite formation. Exonic DNA sequencing identified a T to A transition in the coding region of the Tbx6 gene. The T521A transition in Tbx6 was observed in both Oune/+ and Oune/Oune genomic DNA, but not in wild type (Fig 2B) . The Oune mutation causes a substitution from isoleucine to asparagine at amino acid 174 (I174N), which is located within the T-box domain near the predicted dimerization interface (Fig 2C, upper panel) . Isoleucine 174 of rat Tbx6 is conserved across species (mouse, human, Xenopus, and zebrafish) and in mouse Brachyury (T) (Fig 2C,  lower panel) . Although the isoleucine is exchanged to valine or leucine in ascidian Tbox genes, they are, like isoleucine, hydrophobic amino acids. These results strongly indicate that Oune is an allele of Tbx6, and thus we renamed Oune as Tbx6 Oune .
We next analyzed pathogenesis of skeletal malformations in Tbx6
Oune/+ embryos obtained from (wild type x heterozygous) mating pairs. Hematoxylin eosin staining of E14.5 Tbx6
Oune/+ embryos showed that somites at the anterior and posterior ends were abnormally formed, and the borders between the somite compartments in these regions were obscure ( Fig 3A, box a and p). In contrast, somites in the trunk region were formed without morphological abnormalities (Fig 3B, box t) . Positions of the abnormal anterior and posterior somites are correlated with loss of cervical vertebrae and kinked tails of Tbx6 Oune/+ adults. In situ hybridization analyses on sections of E14.5 wild type and Tbx6 Oune/+ embryos were performed using various somite markers, Pax1 (Fig 2C-2H ), Uncx4.1 (Fig 3I-3N) , and Dll1 (Fig 3O-3T) . In Tbx6
Oune/+ Dominant Skeletal Anomalies by Rat Tbx6 Mutation embryos, expression of Pax1, a sclerotome marker, was attenuated in the anterior region (Fig 3F) , but was normal in the trunk region (Fig 3G) . In the posterior region, Pax1 expression was also down regulated, and the regular positioning of the Pax1 positive compartments was disturbed (Fig 3H) . In addition, expression of Uncx4.1 and Dll1, markers for the caudal half of Oune/+ rats, originally derived from the F344 strain, were crossed to the Bs/Ss strain, and overall 202 N2 animals were genotyped using 50 genome-wide microsattelite markers. (B) T to A transversion at the 521st base pair of Tbx6 transcripts in Oune rats. The point mutation was identified from candidate sequencing of exons in the critical region. (C) The Tbx6 Oune mutation causes an amino acid exchange in the T-box, the DNA binding domain, near a predictable dimerization interface (Up, arrowhead). Alignment of amino acid sequences among vertebrate and protochordate T-box genes (Down). The 174th isoleucine of rat Tbx6 (arrowhead), which is exchanged to asparagine in Oune, is conserved among mouse, human, Xenopus, and zebrafish Tbx6 and mouse Brachyury (mT). In ascidian T (As-T, As-T2) the isoleucine is changed to valine and leucine, but they are, like isoleucine, hydrophobic amino acids.
doi:10.1371/journal.pone.0130231.g002 somites, was also down regulated in the anterior and posterior regions of Tbx6
Oune/+ embryos (Fig 3I, 3N , 3R and 3T). No abnormality was detected in the trunk region (Fig 3M and 3S) . Formation of the dorso-ventral axis of E12.5 Tbx6 Oune/+ embryos was normal judged by gene expression of a notochord marker, Brachyury, and a floor plate marker, Foxa2 (Fig 4B and 4D ). In addition, whole mount in situ hybridization using E12.5 embryos reveals that the Oune mutation did not affect expression of Tbx6 itself in tail bud and Mesp2 in presomitic mesoderm (Fig 5F and 5H) . Nevertheless, the Dll1 expression domain in presomitic mesoderm of Tbx6 Oune/+ embryos was expanded anteriorly (Fig 5F) . Further, expression levels of Dll1 in heterozygous embryos were reduced.
To search for functional differences between wild type Tbx6 and the I174N variant, Tbx6
Oune/+ , we performed various in vitro experiments. Initially, we thought that the Oune mutation might affect DNA binding activity of Tbx6, since the mutation is located within the T-box domain. Thus we employed electrophoretic mobility shift assay (EMSA) using double and single binding consensus sequence probes: Tbind and Tbindhalf, respectively. Tbind contains two T binding consensus motifs, CACAC [28] and AGGTGT [29] , but Tbind-half contains only the AGGTGT motif. In EMSA with the Tbind probe, both mouse and rat Tbx6
Oune and Tbx6 showed two shifted bands (Fig 6A) . By contrast, Tbx6 with the Tbindhalf probe showed only one lower band (Fig 6A) . In addition, serial dilutions of the Tbind probe did not show any changes in binding affinity of Tbx6 Oune (Fig 6B) , and likewise serial dilutions of protein amount did affect affinity (data not shown). Thus, the I174N variant did not affect DNA binding activity of Tbx6. We next thought that the Oune mutation might affect protein translational efficiency. Expression constructs for N-terminally S-protein-tagged (S-tag) Tbx6 and Tbx6
Oune were Oune (Tbx6 mut) showed no difference in binding ability to the Tbind probe, two T-box gene binding sites, and to the Tbind-half Dominant Skeletal Anomalies by Rat Tbx6 Mutation made accordingly and transfected into 293T cells. After 24 hours cell lysates were harvested, and western blotting was performed using anti-S-tag antibodies. Fig 6A shows Oune . In addition, in vitro translation/transcription experiments using rabbit reticulocyte lysates also indicated no difference in the efficiency of translation between Tbx6 and Tbx6 Oune (Fig 7B) . Therefore, we assumed that the Oune mutation affect transcriptional activation ability of Tbx6. Thus we chose a Mesp2 promoterreporter construct to evaluate transcriptional activation properties of Tbx6
Oune , since it contains multiple Tbx6 binding sites for transcriptional activation [26] . When transfected with the Mesp2 reporter into mouse myoblast C2C12 cells, Tbx6 and Tbx6
Oune expression constructs showed similar luciferase activities (Fig 7C) . It was reported that the Notch intracelluar domain (NICD) activates transcription of the Mesp2 promoter in a Tbx6-dependent manner [26] . When cotransfected with an NICD expression construct, both Tbx6 and Tbx6 Oune showed greater luciferase activities. However, Tbx6
Oune activated Mesp2 transcription significantly less efficiently than wild type Tbx6 (Fig 7C) . Similar results were obtained with mouse Tbx6 constructs (data not shown). Furthermore, a combined mixture of Tbx6 and Tbx6 Oune constructs
showed an intermediated level of activation (Fig 7D) .
Discussion
The Oune locus was mapped to rat chromosome 1 by linkage analysis. In the critical region, we searched candidate genes that are expressed in early mesoderm and/or are functional in somite formation. We selected Tbx6 for candidate sequencing because of its expression in presomitic mesoderm [30] and abnormal somitogenesis in Tbx6 knockout mice [15] and rib vertebra (rv) mice, a hypomorphic allele of Tbx6 [14, 16] . We did not find any other candidates in the region according to the criteria. Further, no Notch pathway components, which play an important role in somitogenesis, were found in this region. Oune/+ rats exhibit similar skeletal abnormalities to rv/rv mice [13, 31] . Both Oune/+ and rv/rv mutants show morphological defects in cervical, lumbar, and sacral vertebrae. In rv mice, an insertion in the promoter region of the Tbx6 locus causes low levels of Tbx6 expression [14, 16] . In the present study, we identified a missense mutation in the coding region of Tbx6 in Oune rats. Because similar skeletal phenotypes are observed in rv/rv and Oune/+ animals, Oune could be a hypomorphic allele of Tbx6 as well as rv. Thus Oune was renamed as Tbx6
Oune .
Morphological phenotypes of Tbx6
Oune rats are similar to that of other Tbx6 mutants in vertebrates. In zebrafish, the fused somites (fss) mutant lacks somite borders along the antero-posterior axis, and the causative mutations were identified in Tbx24 [32] . The zebrafish Tbx24 gene recently has been identified as an ortholog of tetrapod Tbx6 genes based on whole genome sequence data [33, 34] . Thus, Tbx6/Tbx24 is also important for somitogenesis in fish, indicating that its functions are well conserved between tetrapod and fish. In mammals, a murine null allele, Tbx6 tmPa1 , was produced by genetic engineering [15] . Tbx6 tmPa1 homozygous embryos lack trunk somites and show enlarged tail buds and kinked neural tubes. They die by E12.5 because of vascular anomalies. In posterior paraxial tissues of Tbx6 tmPa1 homozygous embryos, neural tubes form instead of somites, resulting in formation of three neural tubes in the posterior part of the embryo. In contrast to the observed transdifferentiation of somites in Tbx6 Oune constructs. Half-and-half of rTbx6 and rTbx6 mut constructs with NICD showed intermediate levels of luciferase activities. Assays were performed in triplicate. One-way analysis of variance was performed on data from all experiments, and significance was determined using Turkey's post hoc test. ns, not significant. mTbx6 and rTbx6 represents mouse and rat Tbx6, respectively. Oune/Oune vertebral columns were formed but the vertebral blocks were positioned abnormally (Fig 1I and 1J) . It is possible that in Tbx6 Oune/Oune embryos somite abnormality is less severe than that of Tbx6 knockout mice. Furthermore, Tbx6
Oune/Oune embryos are still viable at E15.5 in rats, which corresponds to E14.5 in mice, without abnormal tail bud and vascular anomalies (data not shown), in contrast to the Tbx6 knockout mice. Therefore, the phenotypes of the homozygous Oune allele are less severe than those of murine homozygous null allele, and as described above, morphological defects of heterozygous Oune animals are almost identical to those of the homozygous rv animals. Recently, Sparrow et al. reported a stoploss mutation in TBX6 detected by exome sequencing of Macedonian families with a dominant type of spondylocostal dysostosis [9] . The patients with the heterozygous TBX6 mutation exhibited segmental congenital vertebral malformations including hemivertebrae and fused vertebral blocks, which resulted in short stature and scoliosis. These morphological defects in humans are similar to the skeletal phenotypes of Tbx6
Oune/+ rats (Fig 1C-1F) . Interestingly, when the vertebral phenotype of heterozyous Tbx6 knockout mice was re-examined, it was found that about half of the heterozygous mice had anomalies in cervical and sacral vertebrae in E14.5 Tbx6 tmPa1/+ embryos [9] . However, Tbx6 Oune/+ rats show additional anomalies in broad areas of the vertebral column, such as in thoracic, lumbar, and caudal vertebrae. Thus, heterozygosity for the Oune allele causes more severe vertebral phenotypes than does murine heterozygous null allele. Taking into account of the similar congenital vertebral malformations, we surmised that the vertebral anomalies of Tbx6 Oune/+ rats and spondylocostal dysostosis caused by the stoploss TBX6 mutation would share a common molecular mechanism. However, the present study does not clarify whether modifier effects on the Tbx6--mediated pathways from different genomes or variations of Tbx6 mutations themselves cause these phenotypic differences across species. Genome editing techniques [35, 36] may enable us to elucidate different phenotypic effects of the same type of mutations in evolution. The Notch pathway with Mesp2 plays an important role in somite segmentation [2] , and Tbx6 participates in transcriptional regulation of Mesp2 and Dll1 by direct binding to their enhancers [25, 37] . Thus, defects in Tbx6 are expected to attenuate Notch signaling. In fact, in Tbx6 rv/rv embryos, the expression pattern of Notch signaling components, such as Dll1, Dll3
and Notch1, are altered [16, 31] . In contrast, Mesp2 expression in Tbx6 rv/rv embryos is not altered [31] . Likewise, Mesp2 expression in Tbx6 Oune/+ embryos was not changed (Fig 5D) .
Although the Tbx6
Oune variant results in no change in DNA binding affinity to Tbox consensus sequences, its transcriptional activity on a Mesp2 enhancer construct was decreased when induced by the NICD (Fig 7C) . Yasuhiko et al. showed that cotransfection of Tbx6 with NICD dramatically increases reporter expression on a Mesp2 enhancer [37] . Although this induction mechanism has not been well characterized, NICD may induce not yet identified proteins that bind to two neighboring Tbx6 and activates transcription. It is probable that Tbx6 Oune does not influence DNA binding activity itself but blocks protein-protein interaction. In addition, it has been reported that Tbx6 directly binds to the mesoderm enhancer of a Notch component, Dll1, and activates its transcription [25] . Actually, whole mount in situ hybridization revealed that an anteriorly shifted change of Dll1 expression was detected in both Tbx6 Oune/+ and rv/rv embryos (Fig 5F and [31] ). Hence, Tbx6 regulates Mesp2 through NICD, but also regulates Dll1 expression directly. Thus, the Oune mutation influences transcription activation only slightly; nevertheless, it suppresses the Notch pathways in somitogenesis via Dll1, NICD, and Mesp2. The Oune mutation is located within the T-box domain, which is highly conserved among T-box family members. This domain is important for protein-protein interaction in addition to DNA binding activity. X-ray crystallography analysis showed that the T-box domain functionally includes a DNA binding domain and interfaces for dimer formation [29] . Although it is uncertain that Tbx6 forms as a dimer, Tbx6
Oune did not affect DNA binding activity to the oligonucleotide probes which contain a single and multiple binding consensus sequences ( Fig  6) . Among T-box family members, Tbx5 binds to Nkx2.5 with its T-box domain, and this binding is necessary for transcriptional activation [38] . Further, mouse and Xenopus Tbx6 interact with mouse Smad6 specifically, and the complex is degraded through ubiquitination [39] . If the Oune mutation influences Tbx6 binding affinity to Smad6, protein stability of Tbx6 could be dramatically changed. Thus, it remains possible that defects in protein-protein interactions of Tbx6 Oune causes the severe morphological abnormalities observed in Oune mutants.
In this study, a novel ENU-induced dominant mutation, Oune, in rats was isolated and characterized. The Oune mutation exhibits dominant vertebral malformations derived from defects in somite formation. Candidate positional cloning of Oune identified a missense mutation in Tbx6, and the mutation affected its transcriptional activity in a Notch dependent manner. It has been reported that a dominant type of familial spondylocostal dysostosis is caused by a mutation that affects the transcriptional activity of TBX6 with respect to Notch signaling. Therefore, further analyses of the molecular mechanisms leading to the morphological anomalies in Oune rats promise to provide insights into treatments and diagnosis of congenital spondylocostal dysostosis.
Supporting Information S1 Fig. Pooling method used for genetic mapping of the Oune locus. Genome-wide scanning were performed using penal of 50 SSLP markers (S1 Table) . Genomic DNA samples of (F344- 
